Introduction
============

The decision to enter and progress through mitosis is critically linked with the activity of cyclin-dependent kinase 1 (Cdk1). During G~2~ phase, the levels of cyclin B1 rise rapidly, allowing the formation of cyclin B1/Cdk1 complexes.[@R1]^,^[@R2] These complexes are held in an inactive state until mitotic entry by 2 inhibitory phosphorylations on Cdk1 (T14 and Y15).[@R3] Removal of these phosphorylations by the phosphatase Cdc25C activates Cdk1/cyclin B1, allowing it to phosphorylate over 300 target substrates, including those involved in chromosome condensation, nuclear envelope breakdown (NEVB), and cytoskeleton reorganization, all of which drives cells into mitosis.[@R4] The activity of Cdk1 is required until the metaphase-to-anaphase transition, with the spindle assembly checkpoint (SAC) maintaining Cdk1 activity until all chromosomes are correctly aligned at the metaphase plate and attached by their kinetochores to opposing spindle poles.[@R5] Satisfaction of the SAC removes its inhibitory pressure on the anaphase-promoting complex (APC), allowing the APC to target key mitotic substrates for degradation by the proteasome.[@R6]^,^[@R7] These substrates include securin, which, when degraded, allows separation of sister chromatids, and cyclin B1, which inactivates Cdk1.

The recent discovery of specific Cdk1 inhibitors such as RO3306 (RO)[@R8]^,^[@R9] have resulted in a number of studies that have looked at the consequences of Cdk1 inhibition on cell cycle progression. The majority of studies utilizing RO have used doses of 9--10 µM which, when given to interphase cells is sufficient to prevent mitotic entry, suggesting that this dose blocks the majority of Cdk1 activity.[@R8]^,^[@R10]^,^[@R11] When mitotic cells are exposed to comparable doses of Cdk1 inhibitors similar to RO, cells undergo a rapid mitotic exit.[@R8]^,^[@R12] Wash-out of the Cdk1 inhibitor before significant cyclin B1 degradation,[@R13] or addition of the proteasome inhibitor MG132,[@R14] allows cells to return to metaphase, indicating that degradation controls the directionality of mitosis, with phosphorylation determining the mitotic state. Together these studies have advanced our understanding of how Cdk1 activity controls mitotic entry and exit.

Recent work from our and others' laboratories have shown that inhibition of the phosphatase that dephosphorylates the substrates of Cdk1 is just as critical for mitotic entry and progression as Cdk1 itself. This primary counter-balancing phosphatase during mitotic entry in *Xenopus* and mammalian cells is PP2A bound with the B55 regulatory subunit.[@R15]^-^[@R17] The inhibition of PP2A-B55 is controlled by Greatwall (Gwl) kinase through the phosphorylation of 2 small inhibitory proteins Arpp19 and α-Endosulfine (ENSA).[@R18]^-^[@R20] We have previously shown that knockdown of human Gwl delays mitotic entry and results in cells undergoing increasingly aberrant mitoses that correlate with the level of Gwl knockdown and reduced level of Cdk1 substrate phosphorylation.[@R16] Simultaneous knockdown or chemical inhibition of PP2A restores Cdk1 substrate phosphorylation levels.[@R16]^,^[@R20] Taken together, these results show that Gwl is required to ensure that during mitotic entry and progression, activity of Cdk1 is coordinated with the inhibition of PP2A, ensuring correct mitotic progression. However, it is not clear how or if cells respond to subtle changes in the balance between Cdk1 and PP2A during mitotic entry and progression. In this study, we have utilized low doses of the Cdk1-specific inhibitor, RO, and found that continuous and subtle inhibition of Cdk1 activity from G~2~ phase onwards, disrupts mitotic progression, promoting premature cytokinesis, despite an active SAC. These defects are rescued by low doses of the PP2A inhibitor Okadaic acid (OA), showing that the fidelity of mitosis is highly sensitive to small disruptions in the balance between Cdk1 and PP2A.

Results
=======

Dose-dependent effects of RO3306 on mitosis
-------------------------------------------

To assess the consequence of partial inhibition of Cdk1, we developed a semi-automated mitotic counting assay with the IncuCyte Zoom Kinetic Imaging System ([Fig. 1A](#F1){ref-type="fig"}). Using this assay with thymidine-synchronized HeLa cells stably expressing histone H2B-mCherry, we were able to rapidly assess the percentage of cells in mitosis. The H2B-mCherry provided both a nuclear marker for total cell count, and due to differential intensity between interphase and mitotic cells could be used to accurately distinguish these 2 populations ([Fig. 1A](#F1){ref-type="fig"}). This assay was used to examine the effects of increasing doses of the Cdk1 inhibitor RO, which is a specific inhibitor of cyclin B/Cdk1 (Ki for cyclin B-Cdk1 35 nM, Ki for cyclin A-Cdk1 100 nM).[@R8]^,^[@R10]^,^[@R11] Untreated control cells began to enter mitosis at approximately 8 h post-thymidine release, peaking at 10 h, with the majority of cells completing mitosis by 12 h. RO was added at 6 h post-thymidine release, which corresponded to the majority of cells containing 4n DNA content, without an increase in mitotic index, indicating that they were in G~2~ phase ([Fig. 1A](#F1){ref-type="fig"}). Addition of 1 and 2 µM of RO (low dose) increased the percentage of mitotic cells compared with control cells (15--20% compared with 10%) ([Fig. 1B](#F1){ref-type="fig"}). The average time of a normal mitosis in HeLa cells is approximately 30--60 min, resulting in most cells appearing in only one frame of the IncuCyte assay. In contrast, treatment with low-dose RO often resulted in an individual cell being observed in mitosis for more than one frame. Therefore the increase in the percentage of mitotic cells in response to low-dose RO is most likely due to cells taking longer to complete mitosis ([Fig. 1B and C](#F1){ref-type="fig"}). However, this increase in mitotic index began to decline from 3 µM (mild dose), and by 5 µM, the peak percentage of mitotic cells had returned to control levels, suggesting that transit time was not affected at higher doses ([Fig. 1B and C](#F1){ref-type="fig"}). Doses of 7.5 and 10 µM prevented the appearance of mitotic figures throughout the time course, suggesting that cells were arrested in G~2~ and the majority of Cdk1 activity was blocked ([Fig. 1B](#F1){ref-type="fig"}). Taken together, this data shows that partial inhibition of Cdk1 both delays mitotic entry and increases transit time; however, at doses of 3 µM and above, transit time begins to decrease.

![**Figure 1.** Effects of partial pre-mitotic Cdk1 inhibition. (**A**) Synchronized HeLa-H2B-mCherry cells were released from G~1~/S and treated at 6 h post-release (early G~2~ phase) with increasing doses of the Cdk1 inhibitor RO3306 (RO). Shown are characteristic fields of G~2~ and mitotic images captured, along with specific masks generated using the IncuCyte to count total cell number (green) and accurately identify mitotic cells (blue) based on differential H2B-mCherry intensity and shape. Scale bar = 200 µM (10 µM for zoom). (**B**) Data from (**A**) presented as a graph showing the percentage of mitotic cells at each time point. Images were taken every hour up to 20 h post-release from thymidine. Graph is representative of 3 independent experiments. (**C**) Time-lapse images of representative cells from (**B**), showing the timing of cell division. Scale bar = 20 µM. (**D**) HeLa cells were synchronized with thymidine, released and treated with RO at 6 h post-release. Samples were then harvested at the indicated times post-release, lysed, and analyzed by western blot with the indicated antibodies. Triangles indicate phosphorylated (black) and non-phosphorylated (white) forms of Greatwall (Gwl) and Cdc25C. All data shown are representative images from 3 independent experiments.](cc-13-1400-g1){#F1}

Low-dose RO3306 does not affect the Cdk1 auto-amplification loop
----------------------------------------------------------------

During mitotic entry, Plk1 phosphorylates and partially activates Cdc25C, which, in turn, removes the inhibitory (T14/Y15) phosphorylations on Cdk1, partially activating it. Cdk1 then further activates Cdc25C, creating a positive feedback loop and the complete activation of Cdk1.[@R21] Cdk1 then phosphorylates and activates Gwl kinase, which leads to the inhibition of PP2A, allowing Cdk1 substrates to remain phosphorylated.[@R22] Therefore, to assess if the partial inhibition of Cdk1 was disrupting this auto-amplification loop, western blots were performed on synchronized HeLa cells treated with or without RO (1 and 3 µM). In control cells, activation of Gwl and Cdc25 was observable from 8 h and peaked at 10 h ([Fig. 1D](#F1){ref-type="fig"}). This corresponded with a reduction of inhibitory Y15 phosphorylation on Cdk1 and peak of Plk1 levels, indicating that the majority of cells were in mitosis. By 12 h, cyclin A and Plk1 levels began to decline, while phosphorylation of Gwl and Cdc25C decreased, indicating that most cells had begun exiting mitosis and returning to G~1~. Surprisingly, treatment with either 1 or 3 µM RO did not alter the timing of Gwl or Cdc25C activation, or the accumulation of Plk1, with all matching control samples at 8 and 10 h. However, activated Gwl and Cdc25C persisted for longer, with the decline observed at 14 h for 1 µM and 18 h for 3 µM treated cells. Likewise, degradation of Plk1 and cyclin A was delayed, indicating that cells were taking longer to transit through mitosis. Taken together, these results suggest that the Cdk1 auto-amplification loop is not significantly disrupted by partial Cdk1 inhibition, and therefore not the cause of the delayed entry into mitosis observed in the IncuCyte assay.

Low-dose RO3306 induces mitotic defects, centrosome fragmentation, and polyploidy
---------------------------------------------------------------------------------

The results above show that low-dose inhibition of Cdk1 results in cells taking significantly longer to enter and complete mitosis. Therefore, to examine the effects of low-dose RO on mitosis in more detail, HeLa cells were treated with 1 and 3 µM of RO, fixed as they progressed through mitosis, and analyzed using immunofluorescence. Mild defects in chromosome congression and separation were observed at the low 1 µM dose. More severe defects were observed in the 3 µM treated cells, with chromosomes failing to congress to the metaphase plate and remaining on the astral side of the spindle poles. Severe segregation defects were also observed, with some cells showing condensed chromosomes scattered along poorly formed and elongated mid-spindles, while unequal division of chromosome mass was observed in others ([Fig. 2A](#F2){ref-type="fig"}). Unequal division of chromosomes and genomic instability in cancer cells is often related to the presence of multiple centrosomes. We assessed this possibility by using antibodies against centrin, a core centriole component, and the surrounding pericentriolar material (PCM) with Plk1. Control pro-metaphase cells contained the expected 2-centriole pairs of centrin (4 in total), with Plk1 staining the PCM and kinetochores. As cells entered metaphase, the 2-centriole pairs remained clearly visible, while Plk1 concentration was reduced at kinetochores. During telophase, Plk1 was present only at the mid-body, while the 4 centrin foci clearly stained the 2-centriole pairs ([Fig. 2B](#F2){ref-type="fig"}). Addition of either 1 or 3 µM RO during G~2~ phase did not result in any immediate observable defects to centriole number or localization of Plk1, with prophase cells containing the expected 2-centriole pairs and Plk1 localization at the PCM and kinetochores. However, as RO-treated cells entered pro-metaphase, centrin staining became more diffuse, and multiple foci were visible. As cells attempted telophase, this fragmentation of centrin staining was enhanced, with 3 µM treated cells showing more severe defects compared with 1 µM treated cells. Plk1 localization was also affected, with Plk1 simultaneously associated with kinetochores, spindle poles and the cleavage furrow (mid-body). The presence of Plk1 at kinetochores in 3 µM treated cells attempting to undergo cytokinesis suggested that the SAC was still active in these cells.[@R23]

![**Figure 2.** Exposure to increasing doses of RO leads to more severe mitotic defects and polyploidy. (**A**) Immunofluorescence of synchronized HeLa cells treated with indicated dose of RO at 6 h post-release from G~1~/S, and captured as they progressed through mitosis. Cells were counter-stained with β-tubulin (red) and DAPI (DNA, blue). Shown are the de-convolved maximum projections from 0.3 µm z-stacks. (**B**) Cells were treated as per (**A**), and stained for centrin (red), Plk1 (green) and DNA (blue). (**C**) Similar to (**A**), except cells were captured at 48 h post-release from thymidine. (**D**) DNA FACS analysis was performed on samples treated as per (**A**), with samples collected at 24, 48, and 72 h post-release. All data shown are representative images from 3 independent experiments. All scale bars = 5 µm.](cc-13-1400-g2){#F2}

To determine the consequence of these mitotic defects, cells were captured at 48 h post-treatment. Control cells showed no observable defects; however, cells treated with 3 µM RO contained numerous large multi-nuclear cells, indicating that some of these aberrant mitotic cells failed cytokinesis, but remained viable ([Fig. 2C](#F2){ref-type="fig"}). In contrast, 48 h treatment with 1 µM RO did not produce such severe phenotypes, with most cells appearing similar to controls but with small micro-nuclei ([Fig. 2C](#F2){ref-type="fig"}). This was confirmed by flow cytometry, with 1 µM treated cells showing only a mild increase in cells with \>4n DNA content (4--5%) over control levels (\<2%) between 48 and 72 h. In contrast, 3 µM treated samples showed a large (29--34%) increase in cells containing \>4n DNA content at 48 h and 72 h post-release, indicating the accumulation of polyploid cells ([Fig. 2D](#F2){ref-type="fig"}). During this period the number of cells with \<2n DNA content also rose, indicating cell death was also induced by addition of RO3306.

Partial Cdk1 inhibition from G~2~ induces premature cytokinesis despite an active SAC
-------------------------------------------------------------------------------------

During mitosis the SAC delays mitotic exit until all chromosomes are correctly attached to opposing spindle poles and aligned on the metaphase plate.[@R5]^,^[@R24] The continued presence of Plk1 at kinetochores in cells attempting cytokinesis indicates that stable bi-polar spindle attachment of chromosomes has not been achieved.[@R25] The severe mitotic defects we observed in cells treated with 3 µM RO should trigger a robust SAC and thereby prevent mitotic exit. To assess how cells were overcoming the SAC and undergoing aberrant mitotic exit, immunofluorescence was performed on mitotic cells treated with or without 3 µM RO. Cells were counter-stained with Mad2, a key protein involved in SAC signaling that inhibits the APC in concert with checkpoint protein BubR1.[@R26] As expected, a strong Mad2 signal was observed at kinetochores in control cells up to and including mitotic entry (NEVB). Once the SAC became satisfied in metaphase, Mad2 was removed from kinetochores, and cells progressed through anaphase and cytokinesis without any observable Mad2 staining at kinetochores ([Fig. 3A](#F3){ref-type="fig"}). Treatment with 3 µM RO had no effect on the loading of Mad2 onto kinetochores, with prophase- and pro-metaphase-"like" cells showing clear Mad2 staining. However, Mad2 was still present at the kinetochores of cells that had separated their chromosomes and attempted to undergo cytokinesis, indicating that mitotic exit was occurring despite continued presence of Mad2 on kinetochores ([Fig. 3A](#F3){ref-type="fig"}). In agreement, western blot analysis showed a clear stabilization of both BubR1 and Aurora B in 3 µM treated samples from 8 to 14 h, while Mad2 was relatively stable throughout the time course ([Fig. 3B](#F3){ref-type="fig"}). These data suggest that the SAC is still active in RO treated cells, and therefore likely preventing the degradation of key mitotic substrates required for exit. In support, whole chromosomes were still intact despite clear separation of DNA material, suggesting that chromatid cohesion was maintained in these cells ([Fig. 3A](#F3){ref-type="fig"}, 3-D render).

![**Figure 3.** Mild G~2~ inhibition of Cdk1 induces rapid mitotic exit whole chromosome segregation. (**A**) Immunofluorescence of synchronized HeLa cells treated with 3 µM or without (control) RO at 6 h post-release from G~1~/S. Cells were captured as they progressed through mitosis, and counter-stained with the kinetochore protein Mad2 (red) and DAPI (DNA, blue). Shown are the de-convolved maximum projections from 0.3 µm z-stacks, and the 3D surface renders of zoomed single chromosome (3 µM) and chromatid (control). All scale bars = 5 µm. (**B**) HeLa cells were synchronized with thymidine, released, and treated with RO at 6 h post-release. Samples were then harvested at the indicated times post-release, lysed, and analyzed by western blot with the indicated antibodies. All data shown are representative images from 3 independent experiments.](cc-13-1400-g3){#F3}

To confirm this, the levels of 2 key APC substrates, cyclin B1 and securin, were measured by quantitative immunofluorescence on cells treated with or without 3 µM RO. As expected, both cyclin B1 and securin were rapidly degraded in control cells at the metaphase-to-anaphase transition ([Fig. 4A and B](#F4){ref-type="fig"}). In contrast, cells treated with 3 µM RO maintained significantly high levels of both cyclin B1 (*P* \< 0.0001) and securin (*P* \< 0.0001) through to telophase, despite the attempted segregation of their DNA ([Fig. 4A and B](#F4){ref-type="fig"}). As cells attempted cytokinesis, the levels of cyclin B and securin began to reduce. Western blot analysis supported the immunofluorescence data with both cyclin B1 and securin stable in 3 µM treated cells from 8 to 14 h, with partial degradation observed at 18 h ([Fig. 4C](#F4){ref-type="fig"}). Taken together, these results show that partial inhibition of Cdk1 during G~2~ phase overrides the SAC and forces cells to prematurely attempt to undergo mitotic exit, with delayed degradation cyclin B1, securin, BubR1, and Aurora B, indicating that the APC is inhibited.

![**Figure 4.** Cyclin B1 and securin are not degraded during decoupled mitotic exit. (**A**) Quantitative immunofluorescence was performed on HeLa cells treated as in [Figure 3A](#F3){ref-type="fig"} and stained with DAPI (DNA, gray), and antibodies against cyclin B1 and securin. A Fire LUT was applied using ImageJ to the original raw unaltered images to clearly show the levels of staining for each protein. Scale bar = 10 µm. (**B**) The intensity of staining for each antibody (cyclin B1 and securin) was measured in each unaltered cell, normalized to interphase levels, expressed as fold increase and displayed as box-plots with 5 to 95% confidence intervals. The total number (n) of cells counted for each group is indicated. (**C**) HeLa cells were synchronized with thymidine, released, and treated with RO at 6 h post-release. Samples were then harvested at the indicated times post-release, lysed, and analyzed by western blot with the indicated antibodies. All data shown are representative images from 3 independent experiments.](cc-13-1400-g4){#F4}

Distinct thresholds of Cdk substrate phosphorylation define mitotic defects
---------------------------------------------------------------------------

The above data showed that at a dose of 1 µM RO, cells delayed progression through mitosis, while 3 µM RO caused cells to segregate whole chromosomes and prematurely attempt cytokinesis. A simple explanation is that RO prevents Cdk1 activity cells from fully phosphorylating all of its substrates to the level required to correctly perform each distinct phase of mitosis. To assess this in greater detail we performed quantitative immunofluorescence on cells treated with 1 µM, 3 µM, or without (control) RO. Cells were stratified into the various distinct cell cycle and mitotic phases, and the level of Cdk1 substrate phosphorylation was determined using an antibody that specifically recognizes serine residues phosphorylated by Cdk1 (pSerCdk). In control cells, the levels of pSerCdk increased as cells entered mitosis, peaking at pro-metaphase, and then declined as cells exited mitosis ([Fig. 5A](#F5){ref-type="fig"}). Cells treated with 1 µM RO showed a similar pattern, with the level of pSerCdk peaking at pro-metaphase, before declining as cells exited mitosis. The peak mean level reached during pro-metaphase was slightly lower than controls, but this was not statistically significant ([Fig. 5B](#F5){ref-type="fig"}). In contrast, cells treated with 3 µM RO displayed a statistically significant reduction in the total level of pSerCdk levels in pro-metaphase compared with controls (*P* = 0.0064, [Fig. 5B](#F5){ref-type="fig"}). Furthermore, 3 µM treated cells failed to show any reduction in pSerCdk levels during anaphase to telophase, with the mean level stable throughout this period ([Fig. 5A and B](#F5){ref-type="fig"}). This was confirmed by western blot analysis, with pSerCdk levels stable until 18 h in cells treated with 3 µM RO ([Fig. 5C](#F5){ref-type="fig"}). The increased level of pSerCdk observed at 10 h in the 1 µM treated sample corresponds with the increased number of mitotic cells at this time point ([Fig. 1B](#F1){ref-type="fig"}), which, in turn, increases the total level of pSerCdk across the population ([Fig. 5C](#F5){ref-type="fig"}).

![**Figure 5.** Partial Cdk1 inhibition prevents cells from reaching the substrate phosphorylation threshold require to correctly complete pro-metaphase. (**A**) Quantitative immunofluorescence was performed on HeLa cells treated as in [Figure 3A](#F3){ref-type="fig"}, and stained with DAPI (DNA, gray), and an antibody against Cdk substrates phosphorylated on Ser (pSerCdk). A Fire LUT was applied using Fiji (ImageJ) to the original raw unaltered pSerCdk images to clearly show the levels of staining in each condition. (**B**) The intensity of staining for pSerCdk was measured in each unaltered cell, normalized to interphase levels, expressed as fold increase, and displayed as box plots with 5--95% confidence intervals. Dotted red and green lines indicate mean control levels of phosphorylation reached for pro-metaphase and NEVB respectively. The total number (n) of cells counted for each group is indicated. \*\**P* \< 0.001 for 3 µM RO pro-metaphase (Pro-Meta) vs. control pro-metaphase. (**C**) HeLa cells were synchronized with thymidine, released, and treated with RO at 6 h post-release. Samples were then harvested at the indicated times post-release, lysed, and analyzed by western blot with the indicated antibodies. All data shown are representative images from 3 independent experiments. (**D**) Immunofluorescence of synchronized HeLa cells treated with 3 µM or without (control) RO at 6 h post-release from G~1~/S. Cells were captured as they progressed through mitosis, and counter-stained with Lamin A/C (red) and DAPI (DNA, blue). Shown are the de-convolved maximum projections from 0.3 µm z-stacks. All scale bars = 5 µm.](cc-13-1400-g5){#F5}

Interestingly, in some 3 µM treated cells, an asymmetrical division of pSerCdk levels in telophase was observed, with the side containing higher levels corresponding with condensed chromosomes, and what appeared to be an attempt to form a second metaphase plate ([Fig. 5A](#F5){ref-type="fig"}, white arrow; [Video S1](#SUP2){ref-type="supplementary-material"}).

Finally, the mean peak level of pSerCdk reached in 3 µM treated cells (from pro-metaphase to telophase) was almost identical to the level required to induce NEVB in control cells. To further explore this observation, cells treated with or without (control) 3 µM RO were analyzed by immunofluorescence for the disassembly of the nuclear envelope. Cells treated with 3 µM RO only partially broke down the nuclear envelope, with large fragments of Lamin A/C present in cells from pro-metaphase through to telophase ([Fig. 5D](#F5){ref-type="fig"}). Taken together, these results show that the threshold of Cdk1 activity required to correctly complete pro-metaphase is not reached in cells treated with 3 µM RO ([Fig. 5B](#F5){ref-type="fig"}).

Okadaic acid rescues mitotic defects induced by partial Cdk1 inhibition
-----------------------------------------------------------------------

The above data shows that partial inhibition of Cdk1 during G~2~ phase prevents cells from reaching the level of substrate phosphorylation require to correctly complete metaphase. Recent studies have shown that the phosphatase PP2A is responsible for counter-balancing the activity of Cdk1 during mitotic entry.[@R15]^,^[@R16] Therefore, reducing the activity of PP2A should rescue the partial loss of Cdk1 activity, by preventing the removal of phosphorylations from Cdk1 substrates. To assess this possibility we utilized the phosphatase inhibitor Okadaic acid (OA).

Although OA can inhibit both PP2A and PP1, at low doses only PP2A is significantly affected (PP2A IC~50~ = 0.5 nM, PP1 IC~50~ = 42 nM).[@R27] To determine the maximal dose of OA that could be used without perturbing mitosis, we utilized the same IncuCyte-based live cell-imaging assay used to characterize RO ([Fig. 1](#F1){ref-type="fig"}). Using this assay, a clear increase in the percentage of mitotic cells was observable with doses of 30 nM and above. At doses of 25 nM and below, there was no major observable difference in the total number or timing of mitosis, with all cells reaching peak mitosis approximately 10 h post-release ([Fig. 6A](#F6){ref-type="fig"}). Therefore, a dose of 20 nM of OA was chosen for subsequent assays.

![**Figure 6.** Mitotic decoupling induced by partial pre-mitotic inhibition of Cdk1 is rescued by Okadaic acid. (**A**) Similar to [Figure 1](#F1){ref-type="fig"}, except cells were treated with increasing doses of Okadaic acid (OA) instead of RO. (**B**) Time-lapse microscopy was performed on HeLa cells stably expressing EB3-GFP (green) and H2B-mCherry (red) that were synchronized by thymidine block and treated at 6 h post-release with or without Okadaic acid (OA 20 nM) and with increasing doses of the Cdk1 inhibitor RO (RO, 1 and 3 μM). Images were captured every 10 min. Notations indicate the time of the frame in minutes, lagging chromosomes (yellow arrows), metaphase plate orientation (dotted white lines), and cell death (yellow d). Scale bars = 5 µm. (**C**) Cells were split into 4 categories according to how they performed mitosis (normal, arrest, delay, exit) and expressed as a percentage for each condition. The total number (n) of cells counted for each group is indicated. (**D**) Individual cells from (**B**) were manually followed and scored for when they entered, and exited mitosis, as determined by the condensation and separation of chromosomes during prophase and anaphase, respectively. The time of mitotic entry and the mitotic length was then calculated and displayed as box plots, with 5 to 95% confidence intervals. The total number (n) of cells counted for each group is indicated \**P* \< 0.01, \*\**P* \< 0.001 \*\*\**P* \< 0.0001.](cc-13-1400-g6){#F6}

To assess mitosis in greater detail, higher temporal and visual resolution time-lapse movies were obtained using HeLa cells stably expressing H2B-mCherry and the microtubule end-binding protein EB3-GFP. Treatment of cells with 20 nM OA did not produce any significant mitotic defects, with cells correctly congressing all chromosomes to the metaphase plate and separating chromatids, with timing similar to untreated controls ([Fig. 6B](#F6){ref-type="fig"}; [Video S1](#SUP2){ref-type="supplementary-material"}). A dose of 1 μM RO induced a number of minor mitotic defects including lagging chromosomes and rotating spindles ([Fig. 6B](#F6){ref-type="fig"}; [Video S1](#SUP2){ref-type="supplementary-material"}). Most cells (\~80%) eventually underwent cytokinesis (delay), although approximately 10% of cells remained arrested in mitosis and died (arrest). In addition, a small percentage (\~5%) of cells showed no significant mitotic delay, but rapidly underwent cytokinesis before aligning their chromosomes at the metaphase plate (exit) ([Fig. 6B and C](#F6){ref-type="fig"}). These 4 phenotypes, normal, arrest, delay, and exit, were used to categorize the effects of cells, with the delay and exit phenotypes deemed more severe than the arrest phenotype ([Fig. 6C](#F6){ref-type="fig"}). Increasing the dose of RO to 3 µM increased the percentage of cells showing the severe mitotic exit phenotype to approximately 40%, with no cells correctly completing mitosis ([Fig. 6B and C](#F6){ref-type="fig"}). Co-addition of OA with 1 µM RO increased the number of cells that remained arrested in mitosis (arrest phenotype), and more importantly, the number of cells that correctly performed mitosis increased from 3 to 20% ([Fig. 6C](#F6){ref-type="fig"}). As with 1 µM RO, the addition of OA with 3 μM RO shifted cells from the more to the less severe phenotypes ([Fig. 6C](#F6){ref-type="fig"}). The percentage of exit phenotype cells decreased from 40% to 20%, while the percentage of cells with the delay phenotype increased by \~10% compared with 3 µM RO alone ([Fig. 6B and C](#F6){ref-type="fig"}). Importantly, addition of OA resulted in the reappearance of cells completing mitosis correctly, with approximately 10% undergoing a normal mitosis compared with none in 3 µM RO alone.

The IncuCyte assay in [Figure 1](#F1){ref-type="fig"} indicated that treatment with low-dose RO affected both the time of entry and transit through mitosis. To confirm this observation, time-lapse data from [Figure 6](#F6){ref-type="fig"} was used to accurately assess both entry time and length for individual cells. Control cells entered mitosis on average 9 h after release from G~1~/S, and took 35 min from entry to anaphase. In contrast, cells treated with 1 µM RO showed a highly significant delay to both the time of entry into and transit through mitosis, with most cells entering at 10 h post-release and taking 187 min to progress to anaphase ([Fig. 6D](#F6){ref-type="fig"}). Likewise, cells treated with 3 µM RO showed a similar delayed entry into mitosis with a mean entry time of 10 h; however, mitotic length was statistically shorter compared with 1 µM RO, with cells taking on average 153 min to reach anaphase. Co-treatment with OA was able to visually rescue the phenotypic effects of RO treatment. For 1 µM RO, OA reduced both entry time and mitotic length back toward control levels (*P* \< 0.0001) ([Fig. 6D](#F6){ref-type="fig"}). While addition of OA to 3 µM RO resulted in cells behaving similar to cells treated with only 1 µM RO, with a significant global increase in mitotic length (*P* \< 0.01) ([Fig. 6D](#F6){ref-type="fig"}).

In summary, this data shows that low dose treatment with the PP2A inhibitor OA, can rescue the mitotic defects induced by partial Cdk1 inhibition. This suggests that reducing PP2A activity shifts the balance back toward the maintenance of phosphorylation on cyclin B1/Cdk1 substrates, thereby promoting correct mitotic progression.

Discussion
==========

The inhibition of Cdk1 activity during mitosis forces cells to rapidly undergo mitotic exit.[@R8]^,^[@R12]^,^[@R14]^,^[@R28] In this study we analyzed the effects on mitosis of adding low-dose Cdk1 inhibitor during early G~2~ phase. Low-dose (1 µM) inhibition of Cdk1 slightly reduced the peak pro-metaphase level of substrate phosphorylation (pSerCdk) during mitosis, which may explain why cells struggled to correctly align chromosomes on the metaphase plate. This led to a prolonged mitosis, with mild segregation defects and minor increases in polyploidy. Increasing the dose of Cdk1 inhibitor to 3 µM further reduced the peak level of Cdk1 substrate phosphorylation during mitosis, with cells reaching the threshold required to initiate NEVB, but not pro-metaphase. The consequence was a decoupling of mitotic events, with cells failing to correctly degrade the nuclear envelope, segregating whole chromosomes, and attempting to undergo cytokinesis at the same time. This likely caused abnormal physical stress on the cell, which, in turn, resulted in the fragmentation of the centrosomes.[@R29]^,^[@R30] Cell division often failed, and cells would attempt a second round of metaphase. This highly aberrant mitosis did cause increased cell death; however, surprisingly, many cells survived with an increase in proportion of polyploid cells present up to 3 days post-treatment. Polyploidy has been associated with chromosome instability, chemo-resistance, and the generation of cancer stem-like cells.[@R31]^-^[@R33] Over the past 10 years, a large number of Cdk1 inhibitors have been developed and are currently undergoing clinical trials for the treatment of various cancer types.[@R34] Our results suggest that the dose of Cdk1 inhibitor used clinically will be a critical factor in the efficacy of these compounds. In support, the mitotic chemotherapeutic Taxol shows a variable mitotic response at different concentrations: cells treated with either a low or high dose of Taxol arrest for short periods and show greater levels of survival. In contrast, medium doses induce a robust prolonged mitotic arrest, and a greater chance that cell death will be induced either in mitosis or in the subsequent G~1~ phase.[@R35]^-^[@R37]

Our data show that there are distinct thresholds of Cdk1 substrate phosphorylation that need to be sequentially reached to ensure the correct completion of each phase of mitosis. This is supported by prior observations in mammalian cells, where progression from NEVB to metaphase corresponds with step-wise increases in the total level of Cdk1 substrate phosphorylation,[@R28] and this has been proposed as the trigger for specific mitotic events.[@R13] Likewise in yeast, sequentially setting Cdk1 activity at different thresholds is sufficient to allow correct cell cycle division.[@R38] We found that mild (3 µM RO) inhibition of Cdk1 activity in G~2~ phase led to cells reaching the level of Cdk1 substrate phosphorylation capable of initiating NEVB, but not that required to correctly complete pro-metaphase. As a result cells attempted both cytokinesis and mitosis simultaneously, highlighted by partial delocalization of Plk1 to the cytokinesis furrow. Cdk1 activity prevents cytokinesis by phosphorylating many proteins that control cytokinesis, such as PRC1 and ECT2,[@R39]^-^[@R41] with the phosphorylation of PRC1 preventing Plk1 binding and re-localization to the central spindle.[@R42] Therefore, lower substrate phosphorylation levels observed with 3 µM RO are likely insufficient to fully maintain these inhibitory phosphorylations, thereby allowing cytokinesis to begin prematurely ([Fig. 7](#F7){ref-type="fig"}). However, during this period, Mad2 and Plk1 remained localized at kinetochores, indicating that stable bi-polar microtubule attachments had not been achieved. Therefore, a strong SAC signal maintained the inhibition of the APC, preventing degradation of cyclin B1 and securin[@R7]^,^[@R43] and, consequently, chromatid separation ([Fig. 7](#F7){ref-type="fig"}).

![**Figure 7.** Mechanisms of mitotic decoupling by low-dose Cdk1 inhibitor. A summary of the possible mechanism of how cytokinesis can be induced without separation of chromatids. Briefly, reduced Cdk1 activity during mitotic entry results in reduced phosphorylation of Cdk1 target substrates (such as ECT2 and PRC1). Without this negative phosphorylation, these substrates can bind Plk1 and initiate cytokinesis. However, during this period the large number of incorrectly attached kinetochores would provide a strong SAC signal to suppress APC mediated degradation of cyclin B1 and securin, thereby preventing segregation of chromatids and maintaining Cdk1 activity.](cc-13-1400-g7){#F7}

Previous studies have shown that the timed addition of high doses of a Cdk1 inhibitor prior to and during mitosis leads to different cell fates; addition during prophase returns the cell to a G~2~ state; treatment after NEVB induces mitotic exit without chromatid separation; while treatment at metaphase induces chromatid segregation and exit.[@R13]^,^[@R28]^,^[@R44] Our results expand and qualify these previous studies, showing that treatment with low doses of Cdk1 inhibitor from early G~2~ results in a novel phenotype where cells attempt to enter pro-metaphase and perform cytokinesis simultaneously, without deactivation of the SAC. Taken together, these results suggest that cells do not actively monitor Cdk1 activity during mitotic entry and are willing to enter mitosis despite being unable to achieve the level of Cdk1 activity needed to reach the threshold of substrate phosphorylation required to complete mitosis.

The total level of Cdk1 substrate phosphorylation is a combined function of the activity of Cdk1 and the counter-balancing phosphatase. We and several other labs have demonstrated in vertebrate cells that during mitotic entry, inhibition of PP2A-B55 is required in order to allow Cdk1 substrates to remain phosphorylated.[@R15]^-^[@R17]^,^[@R20]^,^[@R41]^,^[@R45] Our results here further support PP2A as the primary phosphatase counter-balancing Cdk1 during mitotic entry and progression, as we were able to rescue the mitotic defects caused by RO with low doses of Okadaic acid. In cells, this balance between Cdk1 and PP2A is controlled by Greatwall kinase (Gwl).[@R16]^,^[@R19]^,^[@R41] Surprisingly knockdown of Gwl induces different mitotic defects to those induced by partial Cdk1 inhibition. When Gwl is fully depleted, cells enter into prophase but then rapidly undergo mitotic collapse, with cells failing to segregate chromosomes or perform cytokinesis.[@R16]^,^[@R46] Partial knockdown induces multiple mitotic defects, including elongated spindles, chromosome congression and segregation errors, and cytokinesis failure.[@R16]^,^[@R47] These are distinct from the phenotypes observed here, with partial Cdk1 inhibition inducing premature cytokinesis and whole-chromosome separations. This suggests that Gwl may have additional functions beyond controlling the balance between Cdk1 and PP2A.

In summary, we show here that subtle disruption of the balance between Cdk1 and PP2A can dramatically alter mitotic fate. Further investigations of how these balances are maintained and regulated will be critical to understanding the mechanisms controlling mitosis, and could help improve the clinical efficacy of compounds targeting Cdk1.

Materials and Methods
=====================

Chemicals, reagents, and antibodies
-----------------------------------

The following chemicals were used: RO3306 (Axon MedChem), Okadaic Acid sodium salt (A.G. Scientifix), Thymidine and 2'-Deoxycytidine hydrate (Santa Cruz Biotechnology). The following antibodies were used; BUB1B (BubR1) (\#4116), Cyclin B1 (\#12231), Phospho-(Ser) CDK Substrate (\#2324), pCdc2-Tyr15 (CDK1-Y15) (\#9111), Plk1 (\#4535), Aurora B (\#3094) and Lamin A/C (\#4777) (Cell Signaling Technologies), Securin (ab3306) (Abcam), Cyclin A (sc-596), Cdc2 (CDK1) (sc-137034), Mad2 (sc-47747), Cdc25C (sc-327) (Santa Cruz Biotechnology), centrin (\#04--1624) (Millipore) and β-actin (A5441) (Sigma-Aldrich). Anti-Greatwall was obtained as previously described (Vigneron et al., 2009), and monoclonal β-Tubulin hybridoma antibody was a generous donation from Dr Natalie Morin (CRBM, France).

Cell culture and synchrony
--------------------------

HeLa cells were grown in Dulbecco modified Eagle medium supplemented with HEPES and 10% (v/v) fetal calf serum (Invitrogen). Thymidine block/release synchronizations were performed as previously described.[@R48] Briefly, cells were blocked in G~1~/S with 1 mM thymidine for 20--24 h, then released into S phase by washing 3 times with pre-warmed media, and then addition of fresh media plus 25 µM deoxycytidine. At 6 h post-release (post-S phase) cells were treated with either the Cdk1 inhibitor RO3306 (RO) or the PP2A/PP1 inhibitor Okadaic acid (OA). The efficiency of the cell synchrony was confirmed by flow cytometry (FACS) as previously described.[@R49] HeLa cells stably expressing H2B-mCherry were made by transiently transfecting cells with a pH2B_mCherry_IRES_neo3 plasmid (H2B-mCherry)(Addgene \#21044) using Turbofect (Thermo Scientific \#R0533) as per the manufacturer instructions. Cells were selected for 1--2 wk with 500 µg/ml of G418 and sorted by flow cytometry to isolate a homogenous pool of cells expressing a medium level of H2B-mCherry. These were then maintained in 500 µg/ml of G418. HeLa cells co-expressing H2B-mCherry and EB3-GFP were a generous gift from Dr J Ellenberg (European Molecular Biology Laboratory) and Dr V Doye (Institut Jacques-Monod), and were cultured as previously described.[@R16]

IncuCyte assay
--------------

HeLa cells stably expressing H2B-mCherry were seeded onto 48-well plates, synchronized with 1 mM thymidine, treated with RO or OA at 6 h post-release, and then immediately placed on the IncuCyte Zoom Kinetic Imaging System (Essen BioScience). Four fields per well were imaged every 60 min for between 16 to 72 h. All images were analyzed by the IncuCyte Software. Two masks were created, total cell count and mitotic cell count (see [Fig. 1A](#F1){ref-type="fig"}). For the total cell count mask, Adaptive Threshold Adjustment was set at \>1.0 RCU and no filters were applied. For the mitotic mask Adaptive Threshold Adjustment was set at \>5.0 RCU and maximum area filter was set at \<200 µm^2^. Percent mitosis was calculated as (mitotic count/total count) × 100.

Western blot analysis
---------------------

Proteins from whole-cell lysates were resolved under reducing conditions on 4--12% Bis-Tris polyacrylamide gels (Invitrogen) using standard methods. Resolved proteins were transferred to 0.45 µm PVDF membranes (Bio-Rad) and incubated with the indicated antibodies overnight at 4 °C. Protein bands were detected by the appropriate anti-IgG secondary antibodies conjugated with horseradish peroxidase followed by enhanced chemiluminescence (Pierce), then imaged using a Fusion-FX (Vilber Lourmat). Blots were checked for equal loading by re-probing with anti-β-actin.

Immunofluorescent staining
--------------------------

Cells were grown on Histogrip (Invitrogen) coated glass coverslips and fixed using ice-cold 100% methanol (β-tubulin) or with 3.7% formaldehyde diluted in PBS with 0.5% Triton X-100 for 10 min (Mad2, pSerCdk, Lamin A/C, Plk1, cyclin B1, and securin). All cells were washed and then blocked (3% BSA, 0,1% Tween 20 in PBS) for 30 min. Cells were incubated with primary antibodies were incubated for 2 h at room temperature in blocking solution. DNA was stained with DAPI. For Lamin A/C staining a Leica DM6000 SP8 confocal with a 63× lens was used. All other images were captured using Leica DM5500 microscope coupled with a Coolsnap HQ2 camera, using a Leica 100× or 40× APO 1.4 lens, powered by Leica LAS AF v3 software. To quantify pSer-CDK, cyclin B and secruin levels in cells, a single in-focus plane was acquired. Using ImageJ (v1.48, NIH), an outline was drawn around each cell and circularity, area, mean fluorescence measured, along with several adjacent background readings. The total corrected cellular fluorescence (TCCF) = integrated density -- (area of selected cell × mean fluorescence of background readings), was calculated. This TCCF was then equalized against the mean TCCF of neighboring interphase cells in the same field of view, with results presented as fold increase over interphase levels. Box plots and statistical analysis (2-sided unpaired Student *t* tests) were performed using GraphPad Prism 5. For all other images, 0.3 µm z-sections were taken, de-convolved, and displayed as 2D maximum projections using ImageJ. False coloring and overlays were performed using Adobe Photoshop CS5 software.

Live cell imaging
-----------------

Cells were filmed with a Micromax YHS 1300 camera coupled to a Zeiss Axiovert 200M inverted microscope fitted with a Zeiss 40×/0.6 Plan-Neofluar PH2 lens, Zeiss mercury lamp, and controlled by Metamorph 7.1 software (Molecular Devices). Phase-contrast, H2B-mCherry and EB3-GFP fluorescence images were taken every 10 min. The resulting images were processed, analyzed and false colored using Photoshop CS5 Extended software. Box plots and statistical analysis (2-sided unpaired student *t* tests) were performed using GraphPad Prism 5.
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Cdk

:   cyclin-dependent kinase

SAC

:   spindle assembly checkpoint

Gwl

:   Greatwall

NEVB

:   nuclear envelope breakdown

RO

:   RO3306

OA

:   Okadaic acid
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